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G Protein a Subunit Gaz Couples Neurotransmitter
Receptors to Ion Channels in Sympathetic Neurons
rectifying K1 (GIRK) (Sowell et al., 1997) channels, re-
spectively. However, these studies do not exclude the
participation of additional G proteins in the modulation
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of these ion channels. In sympathetic neurons, Gas me-One Guthrie Square
diates a cholera toxin-sensitive modulation of the Ca21Sayre, Pennsylvania 18840
channels via a voltage-dependent pathway (Zhu and
Ikeda, 1994). In addition, ion channel modulation cou-
pling via an unidentified pertussis toxin (PTX)±insen-
Summary sitive Ga has been reported. For instance, the modula-
tion of N-type Ca21 channels by norepinephrine (NE)
The functional roles subserved by Gaz, a G protein a and prostaglandin E2 (PGE2) in sympathetic neurons issubunit found predominantly in neuronal tissues, have partially mediated by PTX-insensitive G proteins in a
remained largely undefined. Here, we report that Gaz voltage-dependent manner (Ikeda, 1992; Shapiro et al.,
coupled neurotransmitter receptors to N-type Ca21 1994). Neuronal K1 channels are also influenced by PTX-
channels when transiently overexpressed in rat sym- insensitive G proteins (Nakajima et al., 1988). Among
pathetic neurons. The Gaz-mediated inhibition was the different families of PTX-insensitive G proteins (e.g.,
voltage dependent and PTX insensitive. Recovery from Gaz, Gq/11a, and G12a), Gaz has been suggested as a
Gaz-mediated inhibition was extremely slow but ac- potential candidate for mediating PTX-insensitive inhibi-
celerated by coexpression with RGS proteins. Gaz se- tion of ion channels (Casey et al., 1990; Fields and Casey,
lectively interacted with a subset of receptors that 1997). To date, however, a functional role for Gaz in
ordinarily couple to N-type Ca21 channels via PTX- modulating ion channels has not been established.
sensitive Go/i proteins. In addition, Gaz rescued the Gaz is the sole member of the Gi subfamily that lacks
activation of heterologously expressed GIRK channels an ADP ribosylation site (i.e., cysteine four residues from
in PTX-treated neurons. These results suggest that the carboxyl terminus) and is thus resistant to PTX. A
Gaz is capable of coupling receptors to ion channels cDNA encoding Gaz has been isolated from a human
and might underlie PTX-insensitive ion channel modu- retinal and rat brain cDNA library (Fong et al., 1988;
lation observed in neurons under physiological and Maksuoka et al., 1988). Northern blot analyses and im-
pathological conditions. munohistochemical studies have revealed that Gaz is
predominantly expressed in neuronal tissues such as
Introduction brain, retina, and adrenal gland (Fong et al., 1988; Mak-
suoka et al., 1988; Casey et al., 1990) and platelets (Carl-
son et al., 1989). In addition to PTX insensitivity, in vitroExtracellular signals are recognized by receptors on the
studies using recombinant Gaz proteins have demon-plasma membrane and transduced via guanine nucleo-
strated two unique biochemical properties that distin-tide±binding regulatory proteins (G proteins) to intracel-
guish Gaz from other Gi family members (Casey et al.,lular effectors. In the resting state, G proteins form a
1990; for review, see Fields and Casey, 1997). First, Gazheterotrimer consisting of a, b, and g subunits. To date,
exhibits a very slow basal rate (0.02 min21 at 308C) ofgenes for 17 Gas, at least 5 Gbs, and 11 Ggs have been
guanine nucleotide exchange compared with other aisolated. Based on amino acid sequence similarity, G
subunits (Casey et al., 1990). Second, similar to otherprotein a subunits are divided into four main subfamilies
PTX-insensitive G proteins (e.g. Gaq/11 and Ga12), therepresented by Gs, Gi, Gq, and G12 (Simon et al., 1991;
intrinsic GTPase activity of Gaz is extremely low. ForStrathman and Simon, 1991). Receptor activation pro-
instance, the hydrolysis rate for Gaz is as much as 200-motes the exchange of GDP bound to the Ga subunit
fold slower than those determined for Gas and Gai atfor GTP followed by dissociation of the Ga-GTP and
308C (see Casey et al., 1990). Recently, protein kinaseGbg complex. Both entities are capable of interacting
C has shown to greatly reduce the affinity of Gaz forwith a variety of effectors such as enzymes and ion
Gbg subunits by selective phosphorylation (Loundsburychannels (for review, see Birnbaumer, 1990; Wickman
et al., 1993; Fields and Casey, 1995; Kozasa and Gilman,and Clapham, 1995). The hydrolysis of GTP to GDP by
1996). This finding suggests a potential mechanism forthe intrinsic GTPase of Ga subunit terminates the signal-
the regulation of Gaz-mediated signaling pathways, al-ing as the resultant GDP-Ga associates with free Gbg
though the concept remains to be validated in a physio-to reform the heterotrimer.
logical system.Several approaches have been used to address the
Studies utilizing heterologous expression systemsspecificity of the interaction between receptor and G
have demonstrated that Gaz is capable of coupling aproteins with a special focus on ion channels. Gaobg
number of Gi-coupled receptors to adenylyl cyclaseand Gaibg have been reported to specifically couple
(AC). For instance, Gaz mediates PTX-insensitive inhibi-receptors to voltage-gated Ca21 (Kleuss et al., 1991;
tion of AC when cotransfected with a variety of recep-Campbell et al., 1993) and G protein±gated inwardly
tors, including A1-adenosine, a2-adrenergic, D2-dopa-
mine, and d-, k-opioid receptors in NIH3T3 cells or
human embryonic kidney (HEK) 293 cells following ex-* To whom correspondence should be addressed (e-mail: sikeda@
inet.guthrie.org). posure to agonist (Wong et al., 1992; for review, Fields
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and Casey, 1997). However, the functional relevance current was robust (52% 6 6%, n 5 8) and appeared
to be mediated via a voltage-dependent pathway basedof Gaz-mediated AC inhibition is unclear in regard to
neuromodulation. on the significant slowing of activation kinetics and in-
creased prepulse facilitation (from 1.11 6 0.05 to 1.96 6Here, we report that Gaz is capable of functionally
coupling different neurotransmitter receptors to N-type 0.22, n 5 8) (Figures 1C, 1E, and 1F). In comparison to
uninjected control neurons, the time course of currentCa21 channels when heterologously expressed in sym-
pathetic neurons. In addition, we show that Gaz rescues recovery following removal of agonist was relatively
sluggish (Figure 1C; see also Figure 3). In addition, thethe activation of GIRK channels in PTX-treated neurons.
onset of agonist action appeared retarded when com-
pared with control neurons, although this was not quan-Results
tified. These observations were consistent with the
involvement of Ga subunit possessing a slow GDP-GTPHeterologously Expressed Gaz Mediates
the Calcium Current Inhibition by NE exchange rate and low GTPase activity in coupling the
response. In PTX-treated neurons, the overexpressedvia a Voltage-Dependent Pathway
Previously, we investigated the effect of overexpressing Gaz reconstituted the voltage-dependent inhibition pro-
duced by NE (51% 6 3%, n 5 18) (Figure 1D). Thevarious Ga subunits on the a2-adrenergic receptor±
mediated inhibition of N-type Ca21 channels in SCG neu- kinetics of current inhibition and washout were similar
to those seen in neurons overexpressing Gaz withoutrons. In these neurons, NE produces a voltage-depen-
dent inhibition of N-type Ca21 channels that is known PTX pretreatment.
In addition, we tested whether a constitutively activeto be mediated by Gbg subunits (Herlitze et al., 1996;
Ikeda, 1996). Overexpresssion of Ga subunits is believed mutant (Q205L) of Gaz could transduce the signal be-
tween receptor and effector. When expressed in PTX-to produce an excess of GDP-Ga that acts as a Gbg
sink, thereby blocking the modulation produced by NE. treated SCG neurons, Gaz-Q205L did not reconstitute
current inhibition by NE (Figure 1E). Moreover, the Gaz-Interestingly, the inhibition of N-type Ca21 channels by
NE was prevented by every Ga subunit tested (including Q205L did not attenuate the current density (data not
shown), consistent with the finding that free Gbg is themembers of Gs, Gi, Gq, and G12 subfamilies) with the
exception of Gaz (Jeong and Ikeda, 1997). This observa- active entity underlying voltage-dependent modulation
of N-type Ca21 channels (Herlitze et al., 1996; Ikeda,tion led us to further explore why the overexpressed
Gaz was unable to block the current inhibition by NE. 1996). Taken together, the data suggest that heterolo-
gously expressed Gaz is capable of coupling the a2-The working hypothesis was that Gaz is capable of
substituting for Go/Gi in heterotrimeric complexes with adrenergic receptor to the N-type Ca21 channels in SCG
neurons.Gbg subunits when heterologously expressed in SCG
neurons. To test the hypothesis, Gaz was transiently
expressed using direct nuclear injection techniques as
N-Ethylmaleimide Does Not Block the Ca21 Currentpreviously described (Ikeda, 1996, 1997). Figure 1 illus-
Inhibition by NE in Gaz-Expressing SCG Neuronstrates the effect of Gaz overexpressed in SCG neurons
N-ethlymaleimide (NEM), a sulfhydryl alkylating agent,on NE-mediated inhibition of Ca21 currents. Ca21 current
selectively attenuates responses mediated by PTX-sen-was evoked using a double pulse voltage protocol (see
sitive G proteins (Shapiro et al., 1994; Wollmuth et al.,Figure 1A, top) similar to that used by Elmslie et al.
1995; Sodickson and Bean; 1996; Jeong and Wurster,(1990). The protocol consisted of two identical test
1997). From Figure 1C, Gaz appears to replace Gao/ipulses (usually to 110 mV from a holding potential of
subunits in regard to a2-adrenergic receptor coupling in280 mV) separated by a large depolarizing conditioning
the absense of PTX pretreatment. To verify this, wepulse to 180 mV. In uninjected control neurons, bath
tested whether Gaz was capable of coupling a2-adrener-application of 10 mM NE inhibited the Ca21 current by
gic receptors to Ca21 channels following the acute inac-58% 6 2% (n 5 15) (Figures 1A and 1E). In the absence
tivation of Gao/i subunits by NEM. We first confirmedof NE, the second test pulse following the depolarizing
that NEM was specific for PTX-sensitive Gao/i proteins.conditioning pulse produced a current larger than that
As a negative control, we employed VIP, a neurotrans-produced by the first test pulse. This phenomenon, de-
mitter previously shown to inhibit N-type Ca21 channelsnoted prepulse facilitation, is thought to arise from volt-
via a cholera toxin (CTX)-sensitive pathway in SCG neu-age-dependent relief of G protein±mediated tonic inhibi-
rons (Zhu and Ikeda, 1994). The Ca21 current was evokedtion (Ikeda, 1991; Kasai, 1991). The NE-mediated current
every 10 s by a 20 ms test pulse to 110 mV from amodulation displayed two hallmarks of voltage-depen-
holding potential of 280 mV. Under these conditions,dent inhibition (e.g., Elmslie et al., 1990): (1) slowing of
the inhibition of the Ca21 current was not significantlythe activation kinetics and (2) greatly increased prepulse
attenuated when neurons were repeatedly exposed tofacilitationÐfrom 1.33 6 0.03 to 2.48 6 0.08 (n 5 15)
10 mM NE (60% 6 3% for first application vs. 57% 6(Figures 1A and 1F). This voltage-dependent inhibition
3% for second application, n 5 11) (Figures 2A and 2C).of Ca21 channels by NE has been established in SCG
However, for the current inhibition by 10 mM VIP, thereneurons (Schofield, 1991; see also Hille, 1994). In unin-
was a small but significant desensitization after the firstjected control neurons, overnight PTX pretreatment (500
application (49% 6 2% for first application vs. 43% 6ng/ml) almost completely blocked the current inhibition
3% for second application, n 5 6, p , 0.05 from a pairedproduced by NE (8% 6 1%, n 5 15) (Figures 1B and
Student's t test) (Figure 2C). After application of 50 mM1F), indicating the involvement of PTX-sensitive Go/i pro-
NEM for 3 min, the inhibition of the Ca21 current by NEteins in the current inhibition (Hille, 1994). In neurons
overexpressing Gaz, the NE-induced inhibition of Ca21 was significantly reduced to 21% 6 3% from 59 6 3%
Gaz-Mediated Ion Channel Modulation
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Figure 1. Heterologously Expressed Gaz Mediates Voltage-Dependent Inhibition of Sympathetic Neuronal Ca21 Currents
(A±D) Time course of current inhibition and superimposed current traces in the absence (1 and 2) or presence (3 and 4) of 10 mM NE recorded
from (A) control neurons (no PTX and no Gaz), (B) PTX-pretreated neurons without Gaz, (C) neurons expressing Gaz without PTX, and (D) PTX-
pretreated neurons expressing Gaz. The cDNAs encoding wild or mutant (Q205L) Gazs were directly injected into nuclei of SCG neurons.
Neurons were incubated overnight with and without 500 ng/ml PTX. The current measurement was then carried out for control and neurons
expressing Gaz. The Ca21 current was evoked every 10 s by a double pulse voltage protocol (see inset in [A]) consisting of two identical test
pulses (110 mV from a holding potential of 280 mV) separated by a large depolarizing conditioning pulse to 180 mV. The amplitudes of
currents generated by prepulses (closed circles) and postpulses (open circles) pulses were plotted.
(E) Summary of percent inhibition induced by NE under five different conditions ([A±D] and GazQ205L expressed). Percent inhibition was
calculated using the amplitudes of currents determined isochronically 10 ms after start of the prepulse.
(F) Summary of prepulse facilitation measured in the presence of NE. Prepulse facilitation is calculated by the ratio of the postpulse to prepulse
current amplitude measured isochronically at 10 ms after start of the test pulses.
In both (E) and (F), data are presented as mean 6 SEM, and numbers in parentheses indicate the number of neurons tested.
in control neurons (n 5 7, p , 0.01). Conversely, NEM 1990). As described above, the recovery (deactivation)
from Gaz-mediated inhibition was very slow followingspared the current inhibition by VIP. There was no signifi-
cant difference between the current inhibitions by sec- agonist removal. This slow recovery rate is consistent
with the low GTPase activity of Gaz. Recently, regulatorsond applications of VIP with or without NEM pretreat-
ment (39% 6 4%, n 5 5 vs. 43% 6 3%, n 5 6, of G protein signaling (RGS proteins) have been shown
to significantly accelerate Ga-catalyzed GTP hydrolysisrespectively) (see Figures 2C and 2D). These data indi-
cate that NEM selectively eliminates the current inhibi- (for review, see Dohlman and Thorner, 1997; Koelle,
1997; Berman and Gilman, 1998). Both RGS4 and RGS10tion mediated by PTX-sensitive Go/ia proteins as pre-
viously suggested (Shapiro et al., 1994). NEM produced selectively and potently increase the intrinsic GTPase
activities of members of the Gi subfamily, including Go/iaa slight increase in the current amplitude, although this
effect was not significant (see Figures 2A and 2B). When and Gaz (Hunt et al., 1996; Popov et al., 1997). Thus, we
tested whether two different RGS proteins, RGS4 andGaz was heterologously expressed in SCG neurons,
NEM failed to attenuate the current inhibition by NE RGS10, were able to accelerate the recovery from the
current inhibition by NE when coexpressed with Gaz in(52% 6 4% for preNEM vs. 53% 6 5% for postNEM,
n 5 6) (Figures 2B and 2D). These data suggest that SCG neurons. Figure 3A illustrates time courses of the
current inhibition by NE and its recovery when Gaz wasGaz takes over the functional role of PTX-sensitive Go/ia
proteins in modulating Ca21 channels when heterolo- heterologously coexpressed with or without RGS4 or
gously expressed in SCG neurons. RGS10. The Ca21 current was evoked every 5 s by a 20
ms test pulse to 110 mV from a holding potential of
280 mV. In neurons expressing Gaz alone, 10 mM NERGS Proteins Markedly Accelerate the Recovery
from Gaz-Mediated Inhibition induced a typical response (i.e., a slow onset of inhibition
and an extremely slow recovery following the agonistBiochemical evidence indicates that Gaz possesses ex-
tremely poor intrinsic GTPase activity (Casey et al., removal). However, both RGS4 and RGS10 markedly
Neuron
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Figure 2. Effect of NEM on NE-Induced Current Inhibition in Gaz-Expressing Neurons
(A) Time course of Ca21 current inhibition by first and second applications of 10 mM NE in uninjected control neurons.
(B) Time course of current inhibition by first and second applications of 10 mM NE in neurons expressing Gaz.
In both (A) and (B), neurons were superfused with the external solution containing 50 mM NEM for 3 min after first application of NE as
indicated. The Ca21 current was evoked every 10 s by a 20 ms single test pulse to 110 mV from a holding potential of 280 mV. The
superimposed current traces represent those before (1 and 3) and after (2 and 4) agonist applications. The dashed line indicates the baseline
of zero current.
(C) Summary of percent inhibition by first and second applications of NE and VIP (10 mM). For NE, the parameter was measured in both
control (-) and neurons expressing Gaz(1).
(D) Summary of percent inhibition before (preNEM) and after (postNEM) the application of NEM.
In both (C) and (D), data are presented as mean 6 SEM, and numbers in parentheses indicate the number of neurons tested. *, p , 0.05; **,
p , 0.01 (paired Student's t test).
accelerated the current recovery following removal of n 5 7, p , 0.05). Taken together, the present data indi-
cate that the prolonged signaling by Gaz arises from anNE (Figure 3A). The half recovery time was calculated
by curve fitting the relaxation phase following agonist extremely low intrinsic GTPase activity.
removal (Figure 3B) and summarized in Figure 3C. On
average, the half recovery times for control (Gaz alone), Gaz Discriminates among Receptors for Coupling
to Ca21 ChannelsGaz1RGS4, and Gaz1RGS10 were 53 6 9 s (n 5 16),
22 6 5 s (n 5 7), and 11 6 3 s (n 5 7), respectively. In heterologous expression systems, Gaz has been shown
to couple a number of Gi-coupled receptors to AC (WongHowever, we can not ascertain from these data whether
RGS10 is more potent than RGS4 because the expres- et al., 1992). Thus, we next determined which receptors
could be coupled to Ca21 channels by Gaz. In SCG neu-sion level of the proteins was not quantified. RGS4 and
RGS10 had no significant effect on the half recovery rons, it is well established that N-type Ca21 channels are
modulated by different transmitters mainly via a voltage-time for the current inhibition by NE in control neurons
(i.e., in the absense of heterologously expressed Gaz) dependent and PTX-sensitive pathway (Hille, 1994).
Among transmitters utilizing this pathway, we selected(Figure 3C). In addition, RGS proteins appeared to in-
crease the onset rate of the current inhibition by NE adenosine (Zhu and Ikeda, 1993), PGE2 (Ikeda, 1992),
and somatostatin (Ikeda and Schofield, 1989) because(Figure 3A), although this was not analyzed in detail.
This observation, however, is similar to the acceleration of their large and robust effects on Ca21 channels. As
a negative control, we tested VIP, an agonist that pro-of GIRK activation by RGS4 seen in Xenopus oocytes
and Chinese hamster ovary (CHO) cells (Doupnik et al., duces similar voltage-dependent inhibition but utilizes
a cholera toxin-sensitive Gaz (Zhu and Ikeda, 1994). Fig-1997). Interestingly, RGS10 significantly depressed the
current inhibition by NE in control (from 56% 6 3%, n 5 ure 4A illustrates the effects of different agonists on the
Ca21 current, which was evoked every 10 s by a 20 ms11 to 42% 6 3%, n 5 12, p , 0.05) and the Gaz-express-
ing neurons (from 56% 6 2%, n 5 16 to 40% 6 7%, test pulse to 110 mV from a holding potential of 280
Gaz-Mediated Ion Channel Modulation
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Figure 3. RGS Proteins Accelerate Deactivation of Gaz Mediating NE-Mediated Current Inhibition in SCG Neurons
(A) Time course of NE-mediated inhibition and recovery following agonist removal when neurons heterologously expressed Gaz alone (top),
Gaz with RGS4 (middle), or Gaz with RGS10 (bottom). The current was evoked every 5 s by a 20 ms single test pulse to 110 mV from a holding
potential of -80 mV. The superimposed current traces in the insets represent those before (1) and during (2) agonist applications.
(B) Comparison of recovery rates following removal of agonist among Gaz alone, Gaz1RGS4, and Gaz1RGS10. The current amplitudes were
normalized, and the dashed line indicates complete recovery to the current amplitude before agonist application.
(C) Summary of half recovery rate (upper) and current inhibition by NE (lower) in neurons heterologously expressing Gaz alone, Gaz1RGS4,
and Gaz1RGS10. The half recovery time was acquired using curve-fitting routines (Marquardt-Levenberg algorithm) in a IGOR data analysis
package. Data are presented as mean 6 SEM, and numbers in parentheses indicate the number of neurons tested. *, p , 0.05; **, p , 0.01
(by post-hoc Dunnett's test).
mV. In experiments lasting 20±30 min, there was no expressed Gaz reconstituted the voltage-dependent
current inhibition produced by PGE2 and somatostatin.significant rundown of the current, and the current am-
plitude returned to the control level after washout of On average, PGE2 and somatostatin inhibited the Ca21
current by 55% 6 3% (n 5 11) and 41% 6 4% (n 5 11),agonists. On average, 10 mM adenosine, 1 mM PGE2,
0.1 mM somatostatin, and 10 mM VIP inhibited the Ca21 respectively. In the case of PGE2, the current inhibition
was significantly enhanced in comparison to controlcurrent by 40% 6 3% (n 5 10), 46% 6 2% (n 5 18),
50% 6 3% (n 5 13), and 43% 6 2% (n 5 11), respectively, value (46% 6 2%, n 5 18, p , 0.05). As with the NE
response, the onset and washout rates of the currentin control neurons (Figure 4D). All current inhibitions
were voltage dependent as judged by the slowing of inhibition produced by PGE2 and somatostatin were
slow, reflecting the unique biochemical properties ofactivation kinetics and the significant increase in pre-
pulse facilitation (data not shown, see also Hille, 1994). Gaz. In contrast, the current inhibition produced by
adenosine was not rescued by Gaz. Expression of GazWhen neurons were incubated overnight in PTX (500
ng/ml)-containing medium, the current inhibition pro- was unable to reconstitute coupling of VIP receptors to
Ca21 channels in CTX-treated neurons (n 5 5) (Figureduced by the activation of several Go/i-coupled receptors
was nearly abolished (Figure 4B). Interestingly, the cur- 4D, inset). Taken together, the present data suggest
that Gaz is capable of coupling different Go/i-coupledrent inhibition (15% 6 1%, n 5 16) by PGE2 was relatively
prominent among agonists in PTX-treated neurons, receptors to Ca21 channels with some degree of speci-
ficity.which is consistent with the previous report in SCG
neurons (Ikeda, 1992). In contrast, the current inhibition
by VIP was blocked by CTX (500 ng/ml) but not by PTX Gaz Is Able to Mediate the Activation of GIRK
Channels by NE in SCG Neurons(Figure 4B; see also the inset of Figure 4D) as previously
demonstrated (Zhu and Ikeda, 1994). We finally tested Like N-type Ca21 channels, GIRK channels are modu-
lated via a PTX-sensitive and membrane-delimited path-whether Gaz could couple different receptors to Ca21
channels in neurons where all Gao/is were knocked out way where Gbg is the active entity (for review, see Wick-
man and Clapham, 1995). Thus, we tested whether Gazby PTX. As illustrated in Figure 4C, the heterologously
Neuron
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Figure 4. Gaz Is Capable of Coupling Different Receptors to N-Type Ca21 Channels in SCG Neurons
(A±C) Time course of Ca21 current inhibition and superimposed current traces in the absence (odd numbers) or presence (even numbers) of
different agonists including 10 mM adenosine (Ad), 1 mM prostaglandin E2 (PGE2), 0.1 mM somatostatin (SOM), 10 mM NE, and 10 mM vasoactive
intestinal peptide (VIP) in (A) control neurons, (B) PTX-pretreated neurons without Gaz [Gaz(-)/PTX(1)], and (C) PTX-pretreated neurons
expressing Gaz [Gaz(1)/PTX(1)].
(D) Summary of current inhibitions by different agonists in control, Gaz(-)/PTX(1), and Gaz(1)/PTX(1) neurons. The inset shows VIP-induced
current inhibition in CTX (500 ng/ml)-treated neurons. Data are presented as mean 6 SEM, and numbers in parentheses indicate the number
of neurons tested.
can mediate the modulation of another effector, GIRK. of NE (data not shown). Figure 5D summarizes densities
of GIRK currents activated by NE in neurons express-Because GIRK is not natively expressed in SCG neurons,
we heterologously expressed GIRK1/GIRK2 and GIRK1/ ing GIRK1/GIRK2 and GIRK1/GIRK4. On average, for
GIRK1/GIRK2, current density was 27 6 3 pA/pF in con-GIRK4, which are likely the heteromultimeric forms of
GIRK channels in neuronal and cardiac tissues, respec- trol neurons (n 5 11) and 17 6 2 pA/pF (63% of control)
in PTX-treated neurons expressing Gaz (n 5 5). Fortively (Krapivinsky et al., 1995; Liao et al., 1996). Fig-
ure 5A illustrates a representative GIRK current when GIRK1/4, current density was 60 6 7 pA/pF in control
neurons (n 5 10) and 31 6 3 pA/pF (52% of control) inevoked every 10 s using a ramp between 2140 mV and
240 mV for 0.2 s in the absence or presence of 10 mM PTX-treated neurons expressing Gaz (n 5 7). These data
indicate that Gaz is capable of coupling receptors toNE. Basal GIRK currents were negligible in the absence
of agonist. In contrast, NE quickly activated a large in- both neuronal and cardiac types of GIRK channels when
heterologously coexpressed in SCG neurons.ward current that desensitized during the agonist appli-
cation. The current also rapidly returned to the basal
level following agonist removal. The activation of GIRK
was almost completely prevented by PTX (500 ng/ml) Discussion
pretreatment, indicating the heterologously expressed
channels coupled to Go/ia proteins (Figure 5B). However, Gaz Efficiently Substitutes Gao/i for Modulating
Ca21 Channelsthe activation of GIRK current was recovered when NE
was applied in PTX-treated neurons coexpressing Gaz Adrenergic receptor activation ordinarily activates PTX-
sensitive Go/i proteins, and, subsequently, the released(Figure 5C). Compared with those in control neurons,
the activation and deactivation rates were much slower. Gbgs directly interact with N-type Ca21 channels to pro-
duce voltage-dependent inhibition (Waard et al., 1997;Interestingly, there was no desensitization of GIRK cur-
rent during application of NE in PTX-treated neurons Zamponi et al., 1997). When Gaz was overexpressed in
SCG neurons, the NE response was robust but becamecoexpressing Gaz (Figure 1C). In some experiments, we
observed that GIRK current was not significantly desen- PTX insensitive. In addition, the reversal of inhibition
became very sluggish (Figure 1). These observationssitized by either the prolonged or repetitive application
Gaz-Mediated Ion Channel Modulation
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Figure 5. Gaz-Mediated Coupling between G
Protein±Gated Inwardly Rectifying K1 Chan-
nels and a2-Adrenergic Receptors
(A±C) Plots of peak amplitudes of GIRK and
superimposed current traces in the absence
(1) or presence (2) of 10 mM NE in (A) control
(GIRK1 and GIRK4 alone) neurons, (B) PTX-
treated neurons expressing GIRK1/GIRK4,
and (C) PTX-treated neurons expressing GIRK1/
GIRK4 and Gaz.
(D) Summary of current densities when GIRK1/
GIRK2 and GIRK1/GIRK4 were expressed in
three different experimental conditions [i.e.,
control, PTX(1), and Gaz(1)/PTX(1)]. After
nuclear injection of cDNAs encoding the de-
sired proteins, SCG neurons were incubated
overnight with or without PTX (500 ng/ml)
treatment. GIRK current was evoked using a
ramp between -140 mV and 240 mV for 0.2
s in the absence or presence of agonist. The
peak amplitude of the current was acquired
by averaging currents between -129 mV and
2131 mV. Dashed lines in current traces indi-
cate zero current. Data are presented as
mean 6 SEM, and numbers in parentheses
indicate the number of neurons tested.
suggest that the receptor, under these conditions, cou- RGS Proteins Regulate Gaz-Mediated Signaling
ples via Gaz instead of Gao/i, and they are consistent with The Gaz-mediated signal had a long lifetime that might
the biochemical properties of Gaz (i.e., PTX insensitivity, reflect the extremely slow GTPase activity. The in vitro
slow nucleotide exchange rate, and low GTPase activ- hydrolysis rate for the recombinant Gaz is 200-fold
ity). We also determined that PTX pretreatment was not slower than those determined for other G protein a sub-
a prerequisite for heterologously expressed Gaz to effi- units (Casey et al., 1990). However, in intact neurons, the
ciently substitute for PTX-sensitive Go/ia proteins in- rate appears to be regulated by endogenous GTPase-
volved in the inhibition of Ca21 channels. This notion activating proteins (GAPs) because the half recovery
was supported by experiments demonstrating that Gaz- time (below 1 min at room temperature for both Ca21
mediated current inhibition was insensitive to NEM (Fig- and GIRK channels) for SCG neurons expressing Gaz
ure 2). Thus, it seems that prior uncoupling of PTX- was much faster than that (about 7 min at 308C as mea-
sensitive Go/ia from the receptor is not necessary for sured in vitro) of the recombinant Gaz (see Figures 3Gaz-mediated signaling. It is likely that Gaz forms a heter- and 5). Recent in vitro studies have suggested that a
otrimer to transduce signals between receptors and
Gaz-selective GAP may regulate Gaz deactivation and,Ca21 channels because the Gaz-mediated current inhibi- thus, the magnitude and lifetime of Gaz-mediated signalstion was voltage dependent, indicating the requirement
(Tu et al., 1997; Wang et al., 1997; Fields, 1998). Weof Gbg (Herlitze et al., 1996; Ikeda, 1996). This is verified
could not examine the effect of Ga Gaz-GAP on Gaz-by the fact that a constitutively active mutant of Gaz
mediated current inhibition because the cDNA encoding(Q205L) did not mediate NE-induced current inhibition.
Gaz-GAP has not been isolated yet. As previously re-Two possibilities by which Gaz might form a heterotrimer
ported (Hunt et al., 1996; Popov et al., 1997), RGS4 andare as follows: (1) Gaz may substitute for Go/ia in existing
RGS10 were shown to accelerate the recovery rate ofGo/iabg coupled to receptors, or (2) Gaz may combine
Gaz-mediated inhibition following agonist removal (seewith endogenous free Gbg to form unique heterotrimer
Figure 3). Similar to Gaz-GAP, both RGS proteins arecombinations that can lead to the efficient coupling be-
tween receptors and effectors. widely expressed in neuronal cells (Druey et al., 1996;
Neuron
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Gold et al., 1997; Satoshi et al., 1997). Thus, RGS-regu- subfamily. Thus, it might be expected that Gaz is unable
to couple VIP receptors that interact with Ca21 channelslated GTPase is likely the major mechanism for terminat-
ing Gaz-mediated signaling. In addition to acceleration via CTX-sensitive Gas (Zhu and Ikeda, 1994) (Figure 4).
Gaz seems to interact with the subset of receptors thatof deactivation, different RGS proteins have been shown
to accelerate GIRK activation kinetics (Doupnik et al., ordinarily activate PTX-sensitive Go/i proteins for inhib-
iting Ca21 channels. These include a2-adrenergic, PGE2,1997; Saitoh et al., 1997). We did not systemically inves-
tigate the effects of RGS proteins on GIRK activation and somatostatin receptors. Interestingly, Gaz failed to
rescue the current inhibition produced by A1-adenosineand deactivation kinetics in SCG neurons coexpressing
both GIRK and Gaz. However, RGS4 and RGS10 ap- receptors in PTX-treated SCG neurons (Figure 4). This
result was unexpected considering the fact that Gaz ispeared to accelerate the onset of the Gaz-mediated Ca21
current inhibition, which is sluggish due to the relatively capable of coupling a variety of Gi-coupled receptors,
including A1-adenosine receptors to adenylyl cyclaseslow nucleotide exchange rate of Gaz (Casey et al., 1990;
see Figure 3). Thus, it is likely that RGS proteins can (Wong et al., 1992; for review, see Fields and Casey,
1997). We have no clear explanation for the inability ofalso affect the slow GIRK activation and deactivation
kinetics mediated by Gazbg (see Figure 5). Gaz to interact with A1-adenosine receptors. It is possi-
ble that Gaz may need a specific Gbg combination thatRGS proteins seem to play an essential role in regulat-
ing the amplitude of G protein±mediated signaling (for is rare in SCG neurons and, thus, should be supplied
exogenously for coupling of A1-adenosine receptors toreview, see Iyengar, 1997; Koelle, 1997). The present
data showed that RGS10 attenuates the NE-induced Ca21 channels.
Some evidence suggests that the C terminus of Gazcurrent inhibition in SCG neurons expressing Gaz. Al-
though less effective, RGS4 could also reduce the Gaz- is an important determinant in specifying G protein±
receptor interactions. When the last five amino acidsmediated signaling when overexpressed in SCG neu-
rons by the nuclear injection of a higher concentration from C terminus of Gaq are replaced with the corre-
sponding residues of Gaz, the Gq/Gz chimera is able toof cDNA (data not shown). The inhibitory action of RGS
proteins is attributable to the fact that GAP activities mediate stimulation of phospholipase C by receptors
coupled exclusively to Gi (Conklin et al., 1993). Similarly,increase the GDP-bound fraction of Gaz that serves as a
sink for Gbgs released upon receptor activation, thereby in the presence of PTX, swapping the carboxyl terminus
of Gai-2 with the corresponding portion of Gaz does notpromoting formation of the inactive heterotrimer. The
role of RGS proteins in the negative regulation of Gaz- affect interaction with several Gi-coupled receptors for
bg-mediated stimulation of adenylyl cyclase II (Tsu etmediated signaling is analogous to suppression of pher-
omone signaling in yeast by Sst2p, a homolog of mam- al., 1997). PTX-induced ADP ribosylation of the cysteine
residue at the 24 position from the C terminus preventsmalian RGS proteins (Dohlman et al., 1995). In addition
to GAP activity, RGS proteins are able to attenuate the Go/i proteins from interacting with receptors (West et al.,
1985). Additionally, the glycine at the 23 position is alsofunction of activated Ga subunits. For instance, RGS2
selectively blocks Gaq-directed activation of phospholi- important for ADP ribosylation of Goa by PTX (Avigan
et al., 1992). Gaz contains glycine at the 23 position,pase Cb1, possibly by occluding sites on Ga subunit
that interact with the effector (Heximer et al., 1997). but isoleucine instead of cysteine at the 24 position,
making the protein PTX insensitive (Fong et al., 1988;RGS4 has been shown to negatively regulate Gaq path-
ways between metabotropic glutamate receptors and Maksuoka et al., 1988). Thus, it may be of interest to
test whether the Gaz mutant containing cysteine at theCa21-dependent ion channels in Xenopus oocytes and
hippocampal CA1 neurons (Saugstad et al., 1998). In 24 position from the C terminus can mediate the PTX-
sensitive modulation of ion channels.SCG neurons expressing Gaz, however, RGS proteins
seem to regulate signaling as a consequence of GAP
activity rather than ªneutralizingº Ga-GTP because Gbg
Possible Mechanisms for Regulating Functionssubunits interact with N-type Ca21 channels (Herlitze et
of Endogenous Gazal., 1996; Ikeda, 1996). Recently, expression of RGS4 in
As mentioned above, Gaz is predominantly confined toHEK 293 cells has been shown to induce PTX-resistant
neuronal tissues (Fong et al., 1988; Maksuoka et al.,basal activation of GIRK1/GIRK4 that is dependent on
1988; Casey et al., 1990), implicating its specific role inGbg subunits (BuÈ nemann and Hosey, 1998). However,
these tissues. Furthermore, it could substitute for PTX-in the present study, the expression of RGS proteins
sensitive Gao/i proteins involved in the voltage-depen-did not affect the basal prepulse facilitation ratio in the
dent inhibition of the Ca21 channels when heterolo-absence of agonist when the current was evoked by the
gously overexpressed. However, the voltage-dependentdouble pulse voltage protocol (data not shown). Thus,
modulation of Ca21 channels is mainly mediated byit is unlikely that RGS produces a partial occlusion of
toxin-sensitive G proteins (i.e., Go/i and Gs [Zhu andNE-induced current inhibition by increasing the available
Ikeda, 1994; see Hille, 1994] with a few exceptions [seeGbg pool in SCG neurons.
below]). Thus, the question arises of why Gaz is unable to
play a dominant role in the modulation of Ca21 channels
under physiological conditions. In this regard, thereGaz Discriminates among Different Receptors
Gaz displayed differential abilities to interact with neuro- might be mechanisms for the regulation of coupling by
Gaz between receptors and ion channels in native neu-transmitter receptors. Although amino acid sequence
identity is low (about 60%), Gaz is evolutionary much rons. Several possible mechanisms can be proposed.
First, it is possible that Gaz is tightly regulated by thecloser to members of Gi subfamily than those of Gs
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cellular level of the endogenous RGS proteins that can neuronal K1 channels can also be potential effectors for
PTX-insensitive Gaz proteins. In addition, it may be ofbe altered in physiological and pathophysiological con-
ditions. For instance, if the level of RGS proteins specific interest to test whether Gaz can also regulate other kinds
of effectors such as Na1 channels (Cantiello et al., 1989)to Gaz is high in neurons, Gaz-mediated signaling may be
depressed as discussed above, and vice versa. Second, and phospholipase A2 (Jones et al., 1991) coupled to
PTX-sensitive G proteins.Gaz is known to be an excellent substrate for phosphory-
lation catalyzed by PKC (Lounsbury et al., 1991; Fields
and Casey, 1995; Kozasa and Gilman, 1996). Phosphory- Conclusions
lation of the serine residues (ser16,27) of Gaz greatly de- In the present study, we demonstrated that GaZ is capa-
creases its ability to interact with Gbg (Fields and Casey, ble of coupling receptors to voltage-gated N-type Ca21
1995; Kozasa and Gilman, 1996). Thus, it might be inter- and GIRK channels and is thus a potential candidate
esting to know whether the basal endogenous phos- for transducing PTX-insensitive ion channel modulation
phorylation of Gaz can occur in neuronal tissues as in in neurons. In addition, the capability of GaZ in mediating
HEK293 cells (Lounsbury et al., 1993). Third, the covalent the voltage-dependent inhibition of Ca21 channels may
modification by unsaturated lipids such as arachidonate further support the idea that the reported coupling spec-
(arachidonoylation) is known to inhibit guanine nucleo- ificity of Gao to N-type channels cannot arise solely from
tide exchange on Gaz (Glick et al., 1996). This biochemi- structural elements specific to this subunit. The present
cal property is unique in Gaz among heterotrimeric G findings may promote exploring the physiological regu-
proteins examined to date. Thus, the depression of nu- lation and relevance of Gaz and provide a good tool for
cleotide exchange by lipids may selectively disturb the understanding specificity among receptors, G proteins,
Gaz-mediated signaling pathway. and effectors, specifically ion channels.
Physiological Relevance of Gaz in Regulation Experimental Procedures
of Ion Channels
Preparation of Dissociated Superior CervicalSeveral experiments using antibodies and antisense oli-
Ganglion Neuronsgonucleotides have shown that Goa is primarily respon-
Superior cervical ganglion (SCG) neurons were enzymatically disso-sible for the modulation of voltage-gated Ca21 channels
ciated from adult male Wistar rats as described previously (Ikeda,in terms of the interaction between receptor and G pro-
1991; Zhu and Ikeda, 1993). After washing twice, the dissociated
tein (for review, see Wickman and Clapham, 1995; Kalk- neurons were resuspended in minimum essential medium (MEM)
brenner et al., 1996; Dolphin, 1998). However, some ex- containing 10% fetal calf serum, 1% glutamine, and 1% penicillin-
streptomycin solution (all from GIBCO, Grand Island, NY). Neuronsceptions have also emerged. For instance, Shapiro and
were then plated onto polystyrene culture dishes (35 mm) coatedHille (1993) have shown that in SCG neurons, substance
with poly-D-lysine and maintained in a humidified atmosphere ofP inhibits Ca21 channels via a PTX-insensitive and mem-
95% air-5% CO2 incubator at 378C. All neurons were used within 1brane-delimited pathway. In the same neurons, Gas has day after nuclear injection of vectors. For experiments where the
been shown to mediate the cholera toxin-sensitive mod- activities of endogenous G proteins such as Gas and Gao/i needed
ulation of Ca21 channels (Zhu and Ikeda, 1994). Gaz now to be blocked, neurons were incubated overnight (16±20 hr) with
500 ng/ml cholera toxin (CTX) or pertussis toxin (PTX), respectively.may arise as another physiological transducer for ion
channel modulation.
Intranuclear Injection of Expression VectorsPrevious studies imply a functional role for endoge-
The cDNA clones for Gaz-WT and Gaz-Q205L (H. Bourne and P.nous Gaz in the regulation of ion channels. A portion of
Herzmark), RGS4 (J. Kehrl), RGS10 (P. Casey), GIRK1 and GIRK4PGE2-induced voltage-dependent inhibition of N-type (D. Logothetis), and GIRK2 (M. Lazdunski) were generous gifts from
Ca21 channels is unaffected by pretreatment of SCG the indicated investigators. The pEGFP-N1 vector was purchased
neurons with PTX (Ikeda, 1992). Furthermore, the onset from Clontech Laboratories (Palo Alto, CA). The vectors were propa-
gated in either XL-1 Blue or MC1061/p3 E. coli, as appropriate, andand deactivation rates of PGE2-mediated current inhibi-
purified using Qiagen midiprep columns (Chatsworth, CA). Vectorstion were sluggish in PTX-treated control neurons (see
were injected into the nucleus of SCG neurons as described pre-Figure 4). Similarly, Hille and colleagues (1994) have
viously (Ikeda, 1996, 1997). Briefly, the cDNAs were diluted in TEreported a significant PTX- and NEM-insensitive compo-
buffer (10 mM Tris, 1 mM EDTA [pH 7.4]) from stock solutions (ca.
nent that is responsible for the voltage-dependent inhi- 0.3±1.0 mg/ml) to a final concentration of 10±100 ng/ml (per subunit). A
bition of Ca21 channels produced by adrenergic receptor reporter vector (pEGFP-N1) encoding a double mutant (F64L:S65T)
activation, although this has not been universally ob- variant of the green fluorescent protein (GFP) (Cormack et al., 1994)
was also included (5 ng/ml) to facilitate later identification of neuronsserved. These findings may raise the possibility that
receiving a successful nuclear injection. Following centrifugationendogenous Gaz mediates the PTX-insensitive inhibition
(16,000 3 g for 20 min) to remove undissolved particles, the cDNA-by NE and PGE2 in SCG neurons. Recently, in SCG neu- containing solution was loaded into a borosilicate micropipette and
rons from Goa-knockout mice, NE produced a PTX- injected into the nucleus of SCG neurons with an Eppendorf (Madi-
insensitive inhibition of Ca21 currents whose reversal son, WI) 5242 microinjector and 5171 micromanipulator system.
was very slow, consistent with a functional substitution Injection pressure and duration of 120±200 hPa and 0.3 s, respec-
tively, were used for the nuclear injections. Neurons successfullyof Goa with Gaz (G. Greif, U. Mende, E. Neer, and B.
expressing heterologous proteins were easily identified 14±24 hrBean, personal communication). Previously, substance
later by the fluorescence produced by the GFP using an invertedP has been shown to mediate PTX-insensitive inhibition
microscope (Diaphot, Nikon, Japan) equipped with an epifluores-of inward rectifier K1 channels (Nakajima et al., 1988).
cence unit (B-2A filter cube, Nikon). In preliminary experiments, the
Moreover, Gaz was also capable of mediating GIRK acti- current density (31 6 2 pA/pF) and magnitude of NE-mediated Ca21
vation in PTX-treated neurons when heterologously ex- current inhibition (61% 6 2%) in neurons (n 5 30) injected with
pEGFP-N1 (5 ng/ml) alone were not found to be significantly differentpressed (Figure 5). These findings suggest that native
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from those of uninjected neurons (33 6 2 pA/pF and 57% 6 2%, earlier version of the manuscript. We are grateful to Drs. H. Bourne,
P. Herzmark, J. Kehrl, P. Casey, M. Lazdunski, and D. E. Logothetisrespectively, n 5 15).
for providing cDNA clones. This study was supported by National
Institutes of Health grant GM 56180.Electrophysiology
Currents were recorded using the whole-cell variant of the patch-
clamp technique (Hamill et al., 1981) as previously described (Ikeda,
Received May 6, 1998; revised September 1, 1998.
1991; Ikeda et al., 1995). Patch electrodes were fabricated from a
borosilicate glass capillary (1.65 mm outer diameter, 1.2 mm inner
diameter, Corning 7052, Garner Glass Co. Claremont, CA). The patch References
electrodes were coated with Sylgard 184 (Dow Corning, Midland,
MI), fire polished on a microforge, and had resistances of 1.5±2.5 Avigan, J., Murtagh, J.J., Stevens, L.A., Angus, C.W., Moss, J., and
MV when filled with the solutions described below. An Ag/AgCl Vaughan, M. (1992). Pertussis toxin-catalized ADP-ribosylation of
pellet connected via a 0.15 M NaCl/agar bridge was used to ground Go alpha with mutations at the carboxyl terminus. Biochemistry 31,
the bath. The cell membrane capacitance and series resistance 7736±7740.
were compensated (typically .80%) electronically using the patch- Berman, D.M. and Gilman, A.G. (1998). Mammalian RGS proteins:
clamp amplifier (Axopatch-200; Axon Instruments, Foster City, CA). barbarians at the gate. J. Biol. Chem. 273, 1269±1272.
Voltage protocol generation and data acquisition were performed
Birnbaumer, L. (1990). G proteins in signal transduction. Annu. Rev.
using custom data acquisition software on a Macintosh Quadra
Pharmacol. Toxicol. 30, 675±705.
series computer equipped with a MacAdios II data acquisition board
BuÈ nemann, M., and Hosey, M.M. (1998). RGS proteins induce PTX-(G.W. Instruments, Somerville, MA). Current traces were generally
resistant basal activation of GIRK1and GIRK4 channels in HEK293low-pass filtered at 5 kHz using the 4-pole Bessel filter in the clamp
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